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Luminescent porous silicon ~PSi! layers have been made on n-type Si wafers by anodization in a HF
solution under illumination with linearly polarized light. It is observed that the photoluminescence
from samples anodized at a current density of 30 mA/cm2 and slightly oxidized electrochemically
for passivation exhibits a significant anisotropy in polarization memory ~PM!: the degree of PM
becomes maximum when the vector electric field (Eexc) of excitation laser light is parallel to that
(Eetch) of the light used during anodization, and minimum when Eexc is perpendicular to Eetch .
These maxima and minima are in totally different directions from those reported previously. In
addition, the anisotropy is found to be weak at low anodization current density of 2.3 mA/cm2.
These experimental results are discussed based on the electrochemical, rather than photochemical,
thinning of Si-nanocrystal assemblies in PSi layers. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1449538#Porous silicon ~PSi! has attracted much attention as a
new optoelectronic material since the observation of its effi-
cient visible photoluminescence ~PL! at room temperature.1
Besides light-emitting diodes,2,3 multilayer Bragg
reflectors4,5 and dielectric waveguides6,7 have been success-
fully demonstrated. Another unique property of PSi is that it
emits partially polarized light under excitation with a linearly
polarized laser beam.8–12 This phenomenon is called polar-
ization memory ~PM!,13 since the PL is polarized in the same
direction as the direction of polarization of the excitation
light. The degree of PM is defined by P5(I i2I’)/(I i
1I’), where I i and I’ are the PL intensities polarized par-
allel and perpendicular to the direction of polarization of the
excitation light, respectively. Typically, values of ;0.1 are
reported for normal PSi layers.
The origin of PM has been ascribed to the anisotropic
optical response of either individual Si nanocrystals ~in an
elongated shape!11 or linear assemblies of them.14 Since this
microscopic anisotropy tends to appear along the direction of
the etching current flow,11 attempts have been made to con-
trol the direction of the etching current to obtain in-plane
regulations of these structures.15–18 The resulting PSi
samples exhibit anisotropic PM, in which the degree of PM
becomes maximum when the vector electric field (Eexc) of
the excitation light is parallel to the direction of the etching
current flow. It is also observed that these PSi samples show
large anisotropy in their refractive indices.16,17 This has led
to novel applications of PSi such as in waveplates17 and
phase-matched second-harmonic light generators.18
Another promising method by which to regulate the mi-
croscopic optical anisotropy in PSi was demonstrated by Po-
lisski et al.19 They used linearly polarized light during anod-
ization of n- and p-type Si wafers, and obtained significant
anisotropy in the degree of PM. The advantage of this
method is that the direction of the anisotropy is easily
a!Electronic mail: koyama@life.hyogo-u.ac.jp9650003-6951/2002/80(6)/965/3/$19.00changed by changing the direction of the polarization of the
light. They observed maximum PM when Eexc was perpen-
dicular to the electric field (Eetch) of the light. This is ex-
plained by assuming that the elongated individual Si nanoc-
rystals oriented parallel to Eetch become less anisotropic after
photoassisted anodization. Then, the majority of remaining
anisotropic nanocrystals are oriented perpendicular to Eetch ,
which should lead to a maximum degree of PM when Eexc is
perpendicular to Eetch .
In the present study, the degree of PM has been evalu-
ated carefully in PSi layers formed on n-type wafers by an-
odization under polarized-light illumination. It is shown that,
in contrast to the results of Polisski et al.,19 large anisotropy
can be produced in the other direction, i.e., the degree of PM
becomes maximal when Eexc is parallel to Eetch . Further-
more, large anisotropy is only observed in samples anodized
at relatively high current densities. These results cannot be
explained on the basis of their modeling, and therefore need
to be studied in detail for precise and accurate designing of
PSi-based functional optical devices.
N-type ~100! Si wafers with resistivity of 0.05–0.5 V cm
were anodized in a solution of 55% HF:ethanol51:2 at
2.3–30 mA/cm2 under polarized illumination. The light
source was a 150 W halogen lamp equipped with an infrared-
absorbing filter, a fiber-bundle light guide, and a collimating
lens. Linear polarization was obtained by a film polarizer.
Also, a sharp-cut filter with a cut-off wavelength of 660 nm
was used to obtain high PL efficiency20 over a sufficient
thickness. As-anodized PSi samples are actually unstable un-
der photoexcitation in PL measurements.21 To improve their
stability, electrochemical oxidation22 was performed in 0.1 M
H2SO4 solution at current densities of 2.3–10 mA/cm2.
Optical measurements were carried out at room tempera-
ture. PSi samples were excited with a linearly polarized 488
nm Ar1 laser beam that was incident on the sample surface
and had a small angle of incidence. Since Eexc is perpendicu-
lar to the plane of incidence, the presence of a small angle of© 2002 American Institute of Physics
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the normal direction of the sample’s surface.23 The emission
was collected through a film analyzer and a depolarizer, and
then transferred to a fiber-coupled monochromator/charge
coupled device ~CCD!-array-detector system. Relative val-
ues of I i and I’ were evaluated by rotating the analyzer by
p/2.
Figure 1 shows the unpolarized PL spectra of PSi
samples measured before and after electrochemical oxida-
tion. The level of oxidation is denoted by Qox /Qetch , where
Qox and Qetch are the total charges passed during electro-
chemical oxidation ~in the H2SO4 solution! and anodization
~in the HF solution!, respectively. As reported previously,22
these spectra show a monotonic blueshift with an increase in
the oxidation level. This blueshift is attributed to a reduction
in size of luminescent Si nanocrystals due to oxidation of
their surfaces.
In this study, measurements of PM were only performed
on electrochemically oxidized PSi samples because of the
insufficient stability of as-anodized samples. Figure 2 shows
the degree of PM at several emission energies plotted as a
function of the angle between Eexc and Eetch . As is clearly
seen, the maximum PM is observed when Eexc is parallel to
FIG. 1. PL spectra of PSi samples at various levels of oxidation. The anod-
ization current density is 30 mA/cm2. All the spectra are corrected for ap-
paratus response.
FIG. 2. Degree of polarization memory in a PSi sample measured under
various directions of polarization of the excitation light. The arrow indicates
the direction of polarization of light used during anodization. The sample
was anodized at 30 mA/cm2 and electrochemically oxidized slightly
(Qox /Qetch50.15!.Eetch . This is in remarkable contrast to the results of Polisski
et al.,19 where the maximum PM is observed when Eexc is
perpendicular to Eetch . The emission-energy dependences of
PM for the two polarization conditions are compared in Fig.
3. While the degree of PM for EexciEetch strongly increases
with an increase in emission energy, that for Eexc’Eetch does
not show a marked change in the photon energy range of
1.5–2 eV.
To confirm that the PM anisotropy observed does not
originate from electrochemical oxidation, similar experi-
ments were performed on several PSi samples with different
oxidation levels. Figure 4 shows the ratio of the degree of
PM for EexciEetch(P i) to that for Eexc’Eetch(P’) as a func-
tion of the oxidation level (Qox /Qetch). In samples anodized
at 30 mA/cm2, the anisotropy clearly decreases with an in-
crease in the oxidation level, indicating that electrochemical
oxidation is not a primary cause of the anisotropy observed.
In Fig. 4, we also show the results for PSi samples anodized
at low current density of 2.3 mA/cm2. In this case, the an-
isotropy is weak (P i /P’;1) and does not change signifi-
cantly with an increase in the oxidation level.
These experimental results demonstrate that the model
presented by Polisski et al.19 is not applicable to all PSi
samples. The observation of a larger degree of PM under the
condition of EexciEetch implies that the Si nanostructures be-
come more anisotropic, rather than less anisotropic as they
assumed, after photoassisted anodization. This is supported
FIG. 3. Degree of polarization memory as a function of the emission photon
energy for the sample in Fig. 2. Results for two different directions of
polarization of the excitation light are compared.
FIG. 4. Anisotropy (P i /P’) of the polarization memory at three different
emission energies as a function of the level of oxidation (Qox /Qetch). The
dashed line shows P i /P’51.
967Appl. Phys. Lett., Vol. 80, No. 6, 11 February 2002 Hideki Koyamaby the emission-energy dependence of the anisotropy shown
in Figs. 2 and 3, where high-energy emissions originating
from smaller Si nanostructures which should have suffered
more photoelectrochemical etching, show larger PM anisot-
ropy. Furthermore, theoretical results14 suggest that the PM
in PSi should be attributed not to individual Si nanocrystals
but to linear assemblies of them. In that case, it seems rea-
sonable to suppose that photoelectrochemical reactions make
these ‘‘nanowires’’ thin rather than short.
We should note, however, that the large anisotropy in
PM presented here is only observed for PSi samples anod-
ized at a relatively high current density of 30 mA/cm2. This
implies that we need to take into consideration the effect of
the electric field provided by the external source. In the
present experiments, the photon density incident on the
sample surface during anodization is fairly low: a rough es-
timate yields ;831015 cm22 s21. This results in a primary
photocurrent density24 of 1.3 mA/cm2 assuming perfect ab-
sorption and quantum efficiencies. Thus, the anodization cur-
rent density of 30 mA/cm2 is supplied mostly by the external
current source. The implication is that the thinning of the
nanowires is caused electrochemically rather than photo-
chemically. The major role of polarized light in this case,
therefore, is to reduce the resistivities of the nanostructures
depending on their orientation, which results in larger current
densities flowing in those Si nanostructures oriented in par-
allel to Eetch .
Polisski et al.,19 in contrast, used a Xe lamp for polar-
ized illumination, and its illumination intensity was 2–500
mW/cm2. Since the corresponding photon density can be as
high as 1018 cm22 s21, photochemical reactions may have
preceded the photoelectrochemical process described above.
This is similar to the case of low anodization current densi-
ties, and we have actually observed a similar tendency ~i.e.,
P i /P’,1! of anisotropic PM in several samples anodized at
2.3 mA/cm2, shown in Fig. 4. However, it is still unresolved
as to how such photochemical reactions produce anisotropic
nanostructures in the other direction.
In conclusion, we have shown that PSi samples anodized
at relatively high current density of 30 mA/cm2 show signifi-
cantly anisotropic PM in such a way that the degree of PM
becomes maximal when Eexc is parallel to Eetch . The anisot-
ropy, however, is found to be weak in samples anodized at
low current density of 2.3 mA/cm2. It is confirmed that elec-
trochemical oxidation, which is used in this study to stabilizethe PL, is not responsible for the large anisotropy in PM.
Photoassisted electrochemical thinning of Si nanostructures
is suggested to be essential.
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